This study aimed at analyzing circulating levels of inflammatory and profibrogenic cytokines in patients with hepatitis C virus (HCV) chronic infection undergoing therapy with direct-acting antiviral agents (DAA) and correlating these immune biomarkers with liver disease status. We studied 88 Brazilian monoinfected chronic hepatitis C patients receiving interferon-(IFN-) free sofosbuvir-based regimens for 12 or 24 weeks, followed-up before therapy initiation and three months after the end of treatment. Liver disease was determined by transient elastography, in addition to APRI and FIB-4 indexes. Analysis of 30 immune mediators was carried out by multiplex or enzymatic immunoassays. Sustained virological response rate was 98.9%. Serum levels of cytokines were increased in HCV-infected patients when compared to control group. CCL-2, CCL-3, CCL-4, CXCL-8, CXCL-10, IL-1β, IL-15, IFN-γ, IL-4, IL-10, TGF-β, FGFb, and PAI-1 decreased significantly after antiviral therapy, reaching values similar to noninfected controls. TGF-β and suPAR levels were associated with fibrosis/cirrhosis. Also, we observed amelioration in hepatic parameters after DAA treatment. Together, our results suggest that viral control induced by IFN-free DAA therapy restores inflammatory mediators in association with improvement in liver function.
Introduction
Chronic hepatitis C is an inflammatory liver disease caused by hepatitis C virus (HCV) persistent infection. The global prevalence of HCV infection was estimated in 1.0% of population or 71.1 million of individuals worldwide [1] . Most patients develop chronic hepatitis C, characterized by presence of liver fibrosis, which can lead to cirrhosis, hepatocellular carcinoma, and even death [2] . Currently, secondgeneration direct-acting antiviral agents (DAA) have been used for chronic hepatitis C treatment. The association of sofosbuvir (SOF) with daclatasvir (DCV) or simeprevir (SMV), with or without ribavirin (RBV), directly inhibits viral replication acting on NS5B, NS3/4A, and/or NS5A enzymes [3] . SOF-based antiviral therapy guarantees efficacy in HCV eradication in approximately 90% of cases and is associated with mild to moderate adverse effects [1, 2, 4] .
Viral replication takes place mainly in hepatocytes and its persistence induces an intense inflammatory response that might result in liver fibrosis, which is a process orchestrated by numerous immune mediators and by induction of interferon-stimulated genes [5] [6] [7] . Also, immune and hepatic cells contribute to viral control, establishment and maintenance of inflammation, and progression to liver fibrosis or tissue regeneration [8] . Overall, studies describe an increase in serum cytokine levels in chronic hepatitis C patients, when compared with healthy individuals [9] [10] [11] [12] . Therefore, exploiting circulating cytokine array and noninvasive fibrotic biomarkers after interferon-(IFN-) free antiviral therapy with second-generation DAA may contribute to a better understanding about the pattern of these mediators in chronic hepatitis C pathogenesis, progression of liver disease, therapeutic responses, and even persistent infection pathways.
Previous studies suggest that both liver stiffness and inflammatory parameters could improve after HCV eradication [13] [14] [15] . On the other hand, the occurrence of downregulation of inflammatory and fibrotic biomarkers in association with HCV eradication after antiviral therapy is still unclear. Some authors demonstrated an increase in inflammatory mediators' serum levels after the end of IFNbased treatment [16] [17] [18] [19] [20] . Other studies reported decreased inflammatory biomarkers in plasma of chronic hepatitis C patients after IFN-free regimens including the newer DAA, although normalization was not reached [21, 22] . Recently, a study showed that chronic HCV infection disrupts the milieu of soluble inflammatory mediators even after viral clearance with DAA treatment, suggesting that the inflammatory changes are not fully reversible upon clearance of viral infection [11] . These conflicting results in literature could be due to host (age and immune response) and/or viral factors (genotype and viral load) or even according to treatment regimen (IFN-free or not) [12, 23, 24] .
Hence, the present study aimed at analyzing circulating levels of inflammatory and profibrogenic cytokines in chronic hepatitis C patients undergoing DAA therapy. In addition, we evaluated correlations between immune biomarkers and liver disease stage.
Material and Methods

Study Design.
We conducted an observational and prospective study with Brazilian monoinfected chronic hepatitis C patients receiving IFN-free SOF-based regimens. From December 2015 to April 2017, HCV-infected patients with indication for DAA therapy were recruited at the Hepatitis Treatment Center of Antonio Pedro University Hospital (HUAP), located in Niteroi city (RJ, Brazil). The study was approved by the Research Ethics Committee of the Federal Fluminense University (number 35033514.5.0000.5243), which was conducted in accordance to the principles expressed in the Declaration of Helsinki. Written informed consent was obtained from all enrolled subjects.
Chronic hepatitis C patients were followed before DAA therapy initiation and three months after the end of therapy, when individuals could reach sustained virological response (SVR). The treatment consisted of daily doses of SOF (400 mg) in association with SMV (150 mg) or DCV (60 mg), for 12 or 24 weeks. RBV (13-15 mg/kg) was added to therapeutic regimens when patients presented predictors of poor response to treatment [2] . No patient included in this study received IFN during DAA therapy. Diagnosis, prescription, and clinical monitoring were performed by clinical group from Hepatitis Treatment Center (Niteroi, Brazil).
Thirteen HCV noninfected volunteers were included in the study as a control group.
Data Collection and Blood
Sampling. Clinical and laboratory follow-ups were performed before treatment initiation (baseline data) and at 12 weeks after the end of treatment (SVR). Clinical data-such as HCV genotype, viral load, and current or prior treatments-were obtained from patient's charts and confirmed with attending clinicians.
Venous blood collection was performed for the inflammatory and fibrotic biomarker analysis. Blood samples were collected in the morning after 12 h overnight fasting in Vacutainer® blood collection tubes with serum-clotting activator (Becton Dickson, USA) and tubes containing 3.2% of sodium citrate (Becton Dickson, USA) to obtain serum and plasma, respectively. Blood samples were centrifugated (1210 ×g/15 min) at room temperature using LS-3 Centrifuge® (Celm, São Paulo, Brazil). Samples were stored at −80°C for posterior analysis.
2.3. Liver Disease Staging. Fibrosis or cirrhosis status was determined by hepatic transient elastography (FibroScan®, Echosens, France), a noninvasive technique that measures liver stiffness (F2: moderated fibrosis ≥ 7.1 kPa; F3: advanced fibrosis ≥ 9.5 kPa; F4: cirrhosis ≥ 12.5 kPa) [25] . The procedure was performed by a single well-trained and experienced gastroenterologist.
Alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl transferase (GGT) and albumin were routinely measured in RXL Max Clinical Chemistry System® (Siemens, Newark, Delaware, USA). Platelet count and prothrombin time (PT) were assessed using the Coulter LH750® (Beckman Coulter, California, USA) and Sysmex® CA-1500 System (Sysmex America Inc., Lincolnshire, Illinois, USA) equipments, respectively. International normalized ratio (INR) was calculated. All tests were performed in the Department of Pathology, HUAP, UFF (Brazil) .
Aiming to complement the analysis of liver disease status, platelet ratio index (APRI) and fibrosis-(FIB-) 4 indexes were calculated using simple mathematical formulas previously described [26, 27] 
Results
Study Population.
The demographic and clinical characteristics of 88 chronic hepatitis C patients included in this study are shown in Table 1 . Patients presented a mean age of 59.4 (23-73) years, and 69.3% were female. HCV genotype 1 was the most frequently observed (80.7%), and the majority of patients (76.1%) received SOF plus DAC (with or without RBV) therapeutic schemes. In 85.2% of the cases, patients were treated for 12 weeks. The control group was composed of 13 HCV noninfected volunteers who presented a mean age of 43.1 (25-68) years, and 69.2% were females. In our treatment center, patients with advanced liver injury and treatment-experienced patients had priority for receiving DAA therapy. Thus, 56.8% had already been previously treated with anti-HCV therapies. Also, most patients (80.7%) had cirrhosis, in which 65.9% were categorized in Child-Pugh A classification (compensated cirrhosis) and 14.8% in Child-Pugh B or C (decompensated cirrhosis).
Chronic hepatitis C patients presented serum hepatic parameters overhead reference values at baseline, such as ALT and AST (Table 1) . Overall, SVR rate was 98.9% Data are expressed as mean (±SD) or n (%). ALT: alanine aminotransferase; AST: aspartate aminotransferase; DCV: daclatasvir; GGT: gamma-glutamyl transferase; HCV: hepatitis C virus; IQR: interquartile range; RBV: ribavirin; SD: standard deviation; SOF: sofosbuvir; SMV: simeprevir.
(87/88). The following analyses were performed only with patients who reached the SVR.
Inflammatory and Fibrotic Biomarkers Are Generally
Upregulated in Chronic Hepatitis C. In multiplex assay, the levels of eight biomarkers (including CSF-2, IL-5, IL-9, IL-12p70, IL-13, IL-17, FGFb, and TNF) were below the limits of detection in all patients in both baseline and SVR times. Table 2 shows the comparison of evaluated cytokines between the control group and hepatitis C patients at baseline. Overall, the patients presented increased serum levels of cytokines, chemokines, and growth factors when compared with the control group; however, only CCL-4 (P = 0 001), CXCL-10 (P = 0 0001), IFN-γ (P = 0 002), PAI-1 (P = 0 008), and suPAR (P = 0 02) were statistically different between the groups. In contrast, we observed significantly lower TGF-β levels in chronic hepatitis C group (P = 0 004) ( Table 2 ).
Inflammatory and Profibrogenic Biomarkers Are
Modulated in Chronic Hepatitis C after DAA Therapy. A total of 23 immune mediators were analyzed, of which the mean serum levels of 18 presented a tendency to decrease after antiviral therapy, with the majority (11/18) reaching values comparable to the control group (Figure 1) . Heatmap represents the expression pattern of immune mediators in chronic hepatitis C patients and their downregulation after DAA therapy (Figure 1(a) ). This pattern was statistically significant in anti-inflammatory cytokines, IL-4 (P = 0 034), IL-10 (P = 0 021), and TGF-β (P < 0 0001) and proinflammatory cytokines, IFN-γ (P = 0 008), IL-1β (P = 0 027), and IL-15 (P = 0 026), as the same as for other molecules, FGFb (P < 0 0001) and PAI-1 (P = 0 002). Also, serum level decrease was significant for chemokines, CCL-2 (P = 0 029), CCL-3 (P < 0 0001), CCL-4 (P = 0 001), CXCL-8 (P = 0 0004), and CXCL-10 (P < 0 0001). Among the 18 biomarkers, the percentage of patients with decreasing levels after antiviral therapy was 82.5% for chemokines, 78.0% for anti-inflammatory cytokines, 72.4% for proinflammatory cytokines, and 77.9% for growth factors. Of all inflammatory biomarkers, only CSF-3 and IL-6 mean serum levels presented an increase (Figures 1(c), 1(d) , and 2). However, this pattern only corresponds to a few number of patients (23.1% and 41.7%, resp.), and this was not statistically significant.
In our treatment center, only one patient that had undetectable viral load (<25 IU/mL) at the end of antiviral therapy presented detectable HCV-RNA (765 IU/mL) 12 weeks after the end of treatment, being characterized as a relapse patient. This individual was a 45-year-old female, infected by HCV genotype 3, with decompensated cirrhosis. Furthermore, this patient presented a clinical history of hypertension, dyslipidemia, hypothyroidism, and diabetes with notification of chronic venous leg ulcer. Unsurprisingly, hepatic parameters were increased after treatment when compared to baseline, such as ALT (34 to 48 U/L) and AST (50 to 93 U/L). Also, we observed an increase in APRI (0.83 to 2.39) and FIB-4 (2.24 to 5.56) scores and FibroScan values (22 to 51.4 kPa). The network of multiple protein-protein interactions involved in the pathogenesis of chronic hepatitis C is represented in Figure 2 . Chemokines are related to each other and to proinflammatory cytokines, interacting with at least eight mediators. In general, we observed that proinflammatory cytokines and chemokines were mostly downregulated after IFN-free DAA antiviral therapy, and TGF-β, IFN-γ, CCL-3, and CXCL-8 presented the main decrease among all evaluated cytokines.
Chronic Hepatitis C Patient's Noninvasive Liver
Parameters Improve after DAA Therapy. Regarding clinical laboratory tests, we observed an improvement in liver parameters after SOF-based therapy, especially in ALT (32.3 ± 15.3 U/L, P < 0 0001) and AST (31.1 ± 12.0 U/L, P < 0 0001) (Figure 3(a) ). Importantly, albumin levels (3.8 ± 0.4 g/dL, P < 0 0001), PT (13.2 ± 3.6 seconds, P < 0 0001), and INR (1.2 ± 0.3, P < 0 0001) also ameliorate after treatment. On average, 97.2% of patients presented improvement in these noninvasive liver parameters after DAA therapy.
Furthermore, chronic hepatitis C patients also presented a significant decrease in APRI (P < 0 0001) and FIB-4 (P < 0 0001) scores after treatment (Figures 3(b) and 3(c) ). Approximately 74% of patients presented a regression in liver injury classification at least in one applied methodology, while 34.5% of patients presented a regression in both APRI and FIB-4. Usually, patients' classification regressed from F3-F4 (advanced fibrosis-cirrhosis) to F2 (moderated fibrosis) after SOF-based treatment. Confirming these results, we also observed significant changes in FibroScan values (P = 0 002) after DAA therapy (Figure 3(d) ), in which the majority (68.6%) of chronic hepatitis C patients presented reduction. 
Inflammatory and Profibrogenic Biomarkers Are
Differently Correlated with Liver Injury in Chronic Hepatitis C. We also analyzed the patterns of inflammatory and profibrogenic biomarker serum levels in patients with liver fibrosis (F0-F3) , compensated cirrhosis (F4 child A), and decompensated cirrhosis (F4 child B or C), as well as the relationship between these immune mediators and liver injury, evaluated by ALT, APRI and FIB-4 indexes, and FibroScan, which are expressed in Tables 3 and 4 , respectively. Excluding CCL-11, higher levels of chemokines CCL-3, CCL-4, CCL-5, CXCL-8, and CXCL-10 were observed in compensated cirrhosis patients compared to fibrotic and decompensated cirrhosis patients (Table 3) . Furthermore, serum levels of CCL-11 were significantly different between the three groups (P = 0 003), being more expressive in decompensated cirrhosis. Additionally, anti-and proinflammatory cytokine serum pattern in chronic hepatitis C patients did not present any statistically significant findings according to the liver disease stage (Table 3) . Serum levels of growth factors revealed a decreasing pattern associated with an increase in liver disease severity; however, significant findings were only observed in FGFb (P = 0 019). Also, PAI-1 and suPAR serum levels were significantly different between the three stages of liver injury (P = 0 0007 and P = 0 0006, resp.).
The inverse correlation between serum levels of growth factors and stages of liver disease could be also observed when these biomarkers and noninvasive liver injury parameters were included in a linear regression analysis (Table 4) . TGF-β serum levels were negatively correlated with PT (P = 0 027), APRI (P = 0 017), and FIB-4 (P = 0 001) indexes but not with FibroScan. FGFb was negatively correlated with INR (P = 0 04) and positively associated with albumin levels (P = 0 026). Moreover, serum levels of IL-2 (P = 0 039), IL-15 (P = 0 004), and IL-1ra (P = 0 008) were positively correlated with FIB-4 index, ALT, and AST levels, respectively. We identified negative correlations between chemokines: CXCL-10 with PT (P = 0 015) and INR (P = 0 004), besides CCL-11 with albumin levels (P = 0 005).
In addition to the significant difference (P = 0 0006) observed in serum levels of suPAR between fibrosis and cirrhosis groups of patients (Table 3) , positive correlations with most of noninvasive measures of liver injury were observed: albumin levels (P = 0 0001), APRI (P = 0 037), FIB-4 (P = 0 010), and FibroScan (P = 0 001) ( Table 4 ).
Discussion
In most cases of HCV infection, the immune system is unable to eradicate the virus, leading to the establishment of a chronic disease, characterized by persistent inflammation and liver fibrosis. In this study, we investigated the cytokine profile after SOF-based therapy in chronic hepatitis C patients aiming to verify if DAA-induced virus eradication was followed by restoration in cytokine levels and improvement in liver function. Therefore, 88 chronic hepatitis C patients treated with IFN-free SOF-based regimens were followed, and serum levels of 30 circulating biomarkers were assessed at baseline and 12 weeks after the end of treatment. HCV noninfected individuals were used as controls. This is a relevant study that demonstrates cytokine and chemokine modulation, besides liver function restoration in HCV chronic-infected patients after antiviral therapy.
Most inflammatory mediators play an important role in the development of liver inflammation as well as disease progression in infected HCV patients. When compared to the control group, the patients presented an upregulation pattern restricted to serum levels of CCL-4, CXCL-10, IFN-γ, PAI-1, and suPAR. Recently, Hengst et al. [11] have shown upregulation in levels of CXCL-10, IL-12p40, IFN-α2, [12] . In contrast, the levels of IFN-γ were described to be lower in another population of chronic hepatitis C patients compared to controls, while IL-4 and IL-10 were higher [29] . These data exemplify the disturbance in the immune system that had already been described in HCV persistent infection. The controversial findings can be attributed to the ability to trigger an efficient immune response against HCV infection in each patient. Besides, age, gender, viral load, and liver disease status are also considered interference factors in HCV infection pathogenesis. After antiviral therapy, our results demonstrated significant changes in serum levels of CCL-2, CCL-3, CCL-4, CXCL-8, CXCL-10, IL-4, IL-10, TGF-β, IFN-γ, IL-1β, IL-15, FGFb, and PAI-1, in association with viral clearance. The levels of some biomarkers posttreatment were decreased in our study population, reaching levels similar to controls, mainly chemokines CCL-2, CCL-3, and CXCL-10; proinflammatory cytokine IL-1β; and growth factor FGFb. Until this moment, evidences have suggested that the disrupted pattern of soluble inflammatory mediators induced by HCV infection remains even after viral clearance with DAA treatment, indicating that the inflammatory changes are not fully reversible upon viral clearance [11] . Increased levels of TGF-β and IL-15 were found in patients who spontaneously cleared HCV infection, while those patients with persistent infection presented elevated levels of CCL-5 and IL-8 [30] . Considering chemokine set, a decrease in CCL-2, CCL-4, and CXCL-10 levels were reported in HCV genotype 2-and 3-infected patients after antiviral treatment, with lower levels of CCL-4 at baseline associated to an early response to treatment [24] . A putative mechanism in which DAA-induced viral clearance restores immune response has been demonstrated by an increase in T cell count, downregulation of negative costimulatory molecules, and restoration of cytolytic activity [31] .
Elevated frequency of regulatory T cells (Treg) in the peripheral blood from chronic hepatitis C patients has been described [32] . Long-term maintenance of Treg cells is involved in the chronic progression of disease, whereas spontaneous recovery in the acute stage was associated with loss of the suppressive function of Treg cells [33] . This data suggests that Treg cells, which secreted IL-10 and TGF-β anti-inflammatory cytokines, are determinant elements in the spontaneous resolution or progression of HCV infection to chronicity [33] . HCV-infected patients when submitted to IFN treatment revealed elevated frequency of Treg and CD8+ T cells, while they appeared to present decrease of TGF-β serum levels [34] . In this study, we observed a decrease of IL-10 and TGF-β serum levels after IFN-free DAA therapy that could be explained by Treg cell modulation after treatment, though studies with focus in Treg or distinct Treg subpopulations need to be performed in HCV-infected patients after treatment to clear the contribution of these cells in viral control.
It is well known that cytokines can participate in repair/ regeneration process, required after resolution of infection. In fact, IL-6, also known as hepatocyte-stimulating factor, is a pleiotropic cytokine secreted during inflammatory conditions in response to liver injury [17] . In this study, IL-6 levels were not significantly altered after antiviral therapy. Confirming our results, IL-6 serum levels were not altered after DAA treatment in another Brazilian cohort with chronic hepatitis C patients [20] . Interestingly, another Brazilian study suggests that IL-6 and TNF polymorphisms might lead to a distinct range of proinflammatory cytokines [23] . In this study, a multiple-locus analysis was not performed, and thus we do not exclude the possibility that IL-6 serum levels are maintained after treatment due to its involvement in liver repair process after HCV elimination.
Our cohort of patients is characterized by elevated prevalence of female, patients with cirrhosis, and previously treated. The Brazilian guideline for HCV treatment recommended priority in therapy for patients with advanced stages of liver disease [2] . The overall downregulation of fibrotic and inflammatory biomarkers is accompanied by an improvement in liver function, which could be noticed by an expressive decrease in noninvasive APRI and FIB-4 scores, liver stiffness values, and laboratory parameters, such as ALT, albumin, PTT, and INR. These data suggest that with HCV eradication, inflammation, and fibrosis could regress. Previous studies have demonstrated a decrease, after HCV eradication, in noninvasive liver fibrosis measurements, such as liver stiffness [14, 15, [35] [36] [37] and noninvasive indexes APRI [35, 36] and FIB-4 [35] . Likewise, improvements in inflammation were also observed in histological findings performed by liver biopsy [13] .
Along, we demonstrated correlations between cytokines and liver disease severity in HCV-infected patients. TGF-β and suPAR were moderately correlated (negative and positive correlation, resp.) with fibrosis measurement parameters. Soluble uPAR is a well-described and stable prognostic biomarker in inflammatory and infectious diseases [38] , in which the correlation with liver disease severity was previously described [39, 40] . On the other hand, serum TGF-β may not be a major immune mediator in later stages of viral persistent infection [41] , although its expression has been demonstrated, mostly in the liver tissue of HCV chronicinfected patients [42] . In a HCV humanized mice model, the normalization of HCV-induced disturbance in both the peripheral blood and liver after DAA therapy was confirmed [43] . Despite that, a long-term follow-up is necessary to clarify main potential changes in these processes, mainly in the liver immunopathology, in order to confirm a possible regression/stability of inflammation and/or fibrosis.
In our treatment center, patients upon DAA treatment have excellent SVR rate [4] . Only one patient showed viral relapse after the end of treatment. This patient was infected with HCV genotype 3 and had decompensated cirrhosis. In fact, it is known that HCV genotype 3-infected groups are hard to cure, even with the newer DAAs [44] . Probably, this patient relapsed due to the therapeutic regimen of 12 weeks recommended by Brazilian guidelines [2] instead of 24 weeks to genotype 3. A limitation of this study was the nonstratification of patients according to treatment outcome (SVR versus relapse/nonresponder patients) exactly due to the high rate of SVR, although we could notice in our treatment center that antiviral therapy based on DAA improved patient's quality of life, highlighted by the high rates of SVR associated with a safe profile and good tolerability, even in patients with advanced liver disease [4] .
In summary, our data suggest that IFN-free SOF-based treatment induced viral control leading to the downregulation of circulating proinflammatory cytokines, chemokines, and growth factors, what was observed in association with improvement in liver function.
Conclusion
In conclusion, our data provide evidences that viral clearance induced by DAA antiviral therapy leads to the downregulation and restoration of circulating cytokines in addition to improvement in liver function. These results indicate a possibility of a long-term reversal in inflammation and fibrosis processes.
